Introduction
Acetylcholinesterase (AChE) inhibitors are currently used to treat Alzheimer's disease (AD) therapy. We have previously demonstrated that AChE inhibitors, such as donepezil and galantamine, exert a protective effect via the nicotinic acetylcholine receptor (nAChR)-mediated cascade (Kihara et al., 2001; Takada et al., 2003) . In addition, it has been reported that AChE inhibitors inhibit the progress of brain atrophy in AD (Hashimoto et al., 2005) , indicating the attenuation of neuronal death in the brain of the patients. ACh receptors provide neuroprotection against glutamate-induced excitotoxicity by stimulating the phosphatidylinositol-3 kinase (PI3K)→Akt→Bcl-2 signalling pathway (Asomugha et al., 2010; Kihara et al., 2001) . Thus, a cell survival mechanism is involved in AChE inhibitor-induced protection against neuronal death.
Recent evidence has suggested that beta amyloid (Ab), a major component of senile plaques found in the brains of AD patients, leads to the internalization of NMDA receptors and subsequently reduces glutamatergic transmission and inhibits synaptic plasticity (Snyder et al., 2005) . Ab application produced a rapid and persistent depression of NMDAevoked currents, which might explain the cognitive dysfunction of AD.
From a different standpoint, NMDA receptormediated excitotoxic signals might also be suppressed by internalization of NMDA receptors. Excessive glutamate induces neuronal death (Akaike et al., 1994) , which is associated with ischaemia and numerous neurodegenerative disorders including AD. Glutamate and NMDA can cause intracellular Ca 2+ influx, activation of Ca 2+ -dependent enzymes such as nitric oxide synthase and production of toxic oxygen radicals leading to cell death (Tamura et al., 1992) . Cell death would be inhibited by the attenuation of excitotoxic signals via the reduced number of cell surface NMDA receptors. In addition, Ab-dependent internalization of NMDA receptors required a7 nAChRs (Snyder et al., 2005) . Stimulation of a7 nAChR by AChE inhibitors could also lead to the internalization of NMDA receptors.
There is, however, a possibility that the stimulation of nAChRs would attenuate the downregulation of the surface level of glutamate receptors containing the subunits NR1/2A and NMDA receptor activity. Tyrosine dephosphorylation can downregulate the surface level of NR1/2A receptors, which was restored by Src (Suvarna et al., 2005) . The stimulation of nAChR induces phosphorylation of Akt and extracellular signal-regulated protein kinase (p42/44 MAP kinase, ERK) through Src in various cell types (Nakayama et al., 2002; Dasgupta et al., 2006; Wada et al., 2007) . The stimulation of nAChR would activate Src, which in turn could phosphorylate NMDA receptors, and surface level of NR1/2A receptors would be restored.
It has been reported that AChE inhibitors have no effect on the baseline synaptic transmission or the magnitude of long-term potentiation induction (Barnes et al., 2000) . In addition, a7 nAChR stimulation is reported to enhance glutamatergic transmission (Gray et al., 1996) . Thus, a7 nAChRs might regulate the neuronal activity to prevent hyperactivity that leads to neuronal death without interfering with synaptic transmission. In other words, cholinergic stimulation does not appear to decrease basal transmission, even though NMDA receptors would be internalized by nAChR stimulation.
In the present study, we hypothesized that donepezil would internalize the functional NMDA receptors through a7 nAChR stimulation, which in turn would attenuate the neuronal death induced by excessive glutamate, although synaptic NMDA receptors would not be altered.
Methods

Primary neuron cultures
All animal care and experimental procedures were in accordance with the guidelines published in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Primary cultures were obtained from fetal rat cerebral cortex (E18) using procedures described previously (Kihara et al., 1997) . Briefly, single cells dissociated from the cerebral cortex of fetal rats were plated onto 48-or 12-well plates, 6-well plates with coverslips, 8-well chambers or 60 mm Falcon dishes. The 48-well plates were used for the evaluation of cellular damage, 12-well plates were for Ca 2+ measurements, 35 mm Falcon dishes with coverslips and 8-well chambers for immunostaining, 60 mm Falcon dishes for biotinylation of cell surface experiments and 6-well plates for immunoprecipitation, caspase-3-like enzyme activity and cleaved caspase-3 immunoblot analyis. The cell density was 1.8 ¥ 10 5 cells/ cm 2 . Wells and coverslips were pre-treated by incubation with polyethyleneimine (0.1% w/v in 0.15 M borate buffer, pH 8.4) overnight at room temperature (24°C) and then rinsed three times with sterile water before seeding cells in starter medium. Cultures were incubated in the Neurobasal medium with 2% B27 supplement anti-oxidant minus (Invitrogen, Carlsbad, CA, USA), 25 mM glutamate and 0.5 mM L-glutamine. After 4 days in culture, medium was replaced with glutamate free medium (Neurobasal medium supplemented 2% B27 and 0.5 mM L-glutamine). Cultures were maintained at 37°C in a humidified atmosphere of 5% CO2. Only mature cultures (8 days in vitro) were used for the experiments. All experiments were carried out in Neurobasal medium with B27 supplement and L-glutamine at 37°C.
Immunostaining
Immunostaining was performed by methods described previously Kihara et al., 2001) . To summarize, the neurons were fixed by 4% paraformaldehyde (PFA) in phosphatebuffered saline (PBS) for 30 min at 4°C. After rinsing with PBS three times, 0.2% Triton in PBS was added for 10 min and then the cells were incubated overnight at 4°C with antibody to microtubule associated protein 2a+2b (anti-MAP2). After washing with PBS three times, slides were incubated with secondary antibodies (biotinylated anti-mouse IgG (H+L) diluted 1:200 in 0.05% NaN3, 1% BSA) for 1 h at room temperature. Following a PBS wash, the fixed cells were incubated with avidin-biotinimmunoperoxidase complex (ABC) for 1 h at room temperature and then washed with Tris-buffered saline (TBS) three times. Cells were visualized by the addition of 0.7 mg mL -1 3,3′-diaminobenzidine solution with 0.018% H2O2.
For immunofluorescence staining, cells were fixed with 0.1 M phosphate buffer containing 4% PFA for 15 min. Fixed cells were rinsed with PBS three times and blocked with 5% goat serum in PBS with 0.005% saponin for 30 min and incubated overnight at 4°C with antibodies to the glutamate receptor NR1 subunit (1:500) or to the post-synaptic density protein (95 kDa) -(PSD-95; 1:200), diluted in PBS containing 1% goat serum and 0.005% saponin. The next day, the cells were washed three times and then incubated for 1 h at room temperature with Cy3-AffiniPure goat anti-mouse IgG (1:800) or Cy2-AffiniPure goat anti-mouse IgG (1:800). Cultures were washed with PBS, treated with FluorSave Reagent (Calbiochem, Darmstadt, Germany) and covered. Cells were visualized under a laser sharp confocal scanning microscope (BioRad, Hercules, CA, USA).
Quantification of the cell damage
Neuronal cells were pre-treated by an addition of nicotine, donepezil or galantamine to the culture medium in the given concentrations for 48 h, followed by the exposure to glutamate with simultaneous administration of nicotine or AChE inhibitors for 24 h. Glutamate (dissolved in sterile water just before use) was added to the culture medium at a given concentration for 24 h. Antagonists were simultaneously added with nicotine or AChE inhibitors. Preliminary dose-response studies had indicated that 10 mM MK801 produced maximal inhibition of glutamate excitotoxicity. Methyllycaconitine (MLA; 1 mM), 10 mM LY294002 and 5 mM PP2 produced maximal inhibition of donepezilinduced protection against glutamate excitotoxicity.
The condition of the cells was determined morphologically by phase contrast microscopy and damage was assessed by the measurement of actate dehydrogenase (LDH) release into the medium, indicating loss of membrane integrity. LDH activity was spectrophotometrically measured using a MTX-LDH assay kit according to the manufacturer's instructions. Total LDH activity was defined as the sum of intracellular and extracellular LDH activity obtained by 10 mM glutamate treatment [10 mM glutamate killed all neurons in our culture (data not shown)] and released LDH was defined as the percentage of extracellular compared with total LDH activity. Absorption at 570 nm was measured by a microplate spectrophotometer (Model 680 plate reader, Bio-Rad).
Intracellular Ca 2+ imaging
Intracellular Ca 2+ concentrations were measured with a Ca 2+ -sensitive fluorescent dye, fura 2-acetoxymethylester, on a fluorescence imaging system (ARGUS/HiSCA, Hamamatsu Photonics K.K., Shizuoka, Japan) according to the methods described previously (Shirakawa et al., 2002) . Cortical neurons cultured on glass coverslips were incubated in Krebs-Ringer buffer (137 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.5 mM CaCl2, 25 mM D-(+)-glucose, 10 mM HEPES, pH 7.4) containing 5 mM fura 2-acetoxymethylester and 0.01% cremophor EL (polyoxethylated castor oil) for 30 min at 37°C and then rinsed with buffer. The cells were alternatively illuminated with light (wavelengths of 340 and 380 nm) at an interval of 5 s and the emission was measured at 500 nm. The peak or highest value of amplitude of the fluorescence ratio (340/380 nm) just after glutamate application was adopted as an index of glutamate-induced Ca 2+ influx.
Preparation of cell extracts for immunoblot
After each treatment, the cell culture dishes were placed on ice and washed with ice-cold PBS, drained and then ice-cold lysis buffer consisting of PBS containing 0.1% Triton X-100, protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan) and phosphatase inhibitors cocktail 2 (Sigma, St. Louis, MO, USA) was added. The cells were scraped off using a cold plastic cell scraper, transferred into a pre-cooled microfuge tube and centrifuged at 15 700¥ g for 20 min at 4°C. The supernatants were used as the cell extracts for immunoblot analysis of caspase-3. The protein concentration of each sample was determined with a micro BCA Protein Assay kit (Pierce, Rockford, IL, USA).
Biotinylation of cell surface proteins
According to methods previously reported, cell surface proteins were evaluated with the biotinylation technique (Uemura et al., 2003) . After treatment, neurons were washed three times with icecold PBS. Neurons were then incubated in PBS containing 0.5 mg/mL Sulfo-NHS-LC-biotin for 30 min on ice. Neurons were washed three times with PBS and then lysed in 300 mL PBS with 1% protease inhibitor cocktail (Nacalai Tesque), 1% Triton X-100, 0.1% sodium dodecyl sulfate (SDS) and 1% phosphatase inhibitor cocktail 1 (Sigma). To determine the total protein concentration by immunoblotting, 20 mL of the cell lysate was removed and diluted in sample buffer. To isolate biotinylated proteins, the rest of the cell lysate was incubated with immobilized streptavidin agarose for 1 h at 4°C and centrifuged at 2300¥ g for 1 min at 4°C. Immunoblotting was carried out subsequently.
Immunoprecipitation
Cultures were lysed with 0.2 mL lysis buffer per well (20 mM Tris-HCl pH 7, 25 mM b -glycerophosphate, 2 mM EGTA, 1% Triton-X, 1 mM vanadate, aprotinin, 1 mM phenylmethylsulfonyl fluoride, 2 mM dithiothreitol) at 4°C. After lysis, cells were scraped, transferred into 1.5 mL tubes and then centrifuged at 15 700¥ g for 30 min at 4°C. The supernatants were then incubated with protein G-Sepharose beads for 2 h at 4°C and were normalized by protein concentration. Immunoprecipitations were carried out by incubating the lysates with monoclonal anti-PSD-95 (1:100) overnight at 4°C. The lysates were then incubated with protein G-Sepharose beads with rotation for 2 h at 4°C. The beads were rinsed three times with lysis buffer and separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Immunoblot analysis
Combined lysates were dissolved in SDS sample buffer containing 4% 2-mercaptoethanol (Daiichi Chemical, Tokyo, Japan) and heated at 95°C for 3 min. SDS-PAGE was performed on a 4-20% gradient gel (Daiichi Chemical). After electrophoresis, proteins were electrotransferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA) according to the manufacturer's instruction (Bio-Rad). The membrane was washed with 20 mM Tris-HCl, pH 7.6, 135 mM NaCl, containing 0.1% Tween 20 (TBST) and blocked with TBST containing 5% non-fat dry milk for 2 h. The membrane was incubated with rabbit anti-cleaved-caspase-3 (1:500), rabbit anti-NR1 (1:500), rabbit-antiNMDAe1 (H-54) (1:500) or rabbit anti-phospho-NMDA receptor1 (1:500) at 4°C. After incubation with horseradish peroxidase-conjugated secondary antibody (GE Healthcare Life Sciences, Piscataway, NJ, USA) at room temperature for 1 h in TBST containing 5% non-fat dry milk, immunoreactivities of the protein bands were detected by ECL (Enhanced ChemiLuminescence) Plus Kit according to manufacture's instruction manuals (GE Healthcare Life Sciences).
Caspase3-like enzyme activity
Caspase3-like activity was measured by a spectrophotometric assay as described previously (Yamaguchi et al., 2001) . Briefly, neurons were suspended in buffer (50 mM Tris-HCl, pH 7.4, 1 mM EDTA and 10 mM EGTA), incubated with 10 mM digitonin (Sigma) at 37°C for 15 min, followed by centrifugation at 15 700¥ g for 5 min. Protein supernatant was incubated with 50 mM enzyme substrate, 7-amino-4-methylcoumarin (AMC)-DEVD, at 37°C for 1 h. Levels of released AMC were measured using an excitation wavelength of 380 nm and an emission wavelength of 460 nm with a spectrofluorometer (Wallac 1420 ARVOsx multilabel counter; PerkinElmer, Inc., Waltham, MA, USA). One unit was defined as the amount of enzyme required to release 0.22 nmol of AMC/min at 37°C. 
Statistical analysis
Results
Glutamate cytotoxicity was mediated via Ca 2+ influx
Cortical neurons that were incubated with glutamate for 24 h showed a significant increase in LDH release in a concentration-dependent manner, which indicates a reduction of the neuronal cell viability ( Figure 1A ). Total LDH activity was defined as the sum of intracellular and extracellular LDH activity obtained by 10 mM glutamate treatment [in preliminary experiments, 24 h-treatment with 10 mM glutamate left no MAP-2 positive cells, that is, no neuronal cells, in culture (data not shown)] and released LDH was defined as the percentage of extracellular activity compared with total LDH activity. Glutamate (30 mM) was used in the following studies of excitotoxicity as it was the EC50 for LDH release. We chose this concentration as it would enable us to detect either inhibition (protection) or potentiation of glutamate-induced cell toxicity. Glutamate-induced neuronal death (30 mM, 24 h) was attenuated by the NMDA receptor antagonist, MK801 (10 mM), as previously demonstrated ( Figure 1B) . We have previously reported that simultaneous administration of EGTA reduced glutamateinduced excitotoxicity, and glutamate-induced caspase-3-like activity was also inhibited by EGTA, indicating the involvement of Ca 2+ (Yazawa et al., 2006) .
Donepezil protects neurons from glutamate cytotoxicity via a7 nAChR and a Src family tyrosine kinase
Cultures were exposed to glutamate (30 mM) for 24 h to induce neuronal death. Donepezil, an AChE inhibitor, was used as a pre-treatment for 48 h and then continued with the glutamate stumulus for 24 h. Under these conditions, donepezil exerted a neuroprotective effect against glutamate excitotoxicity in a concentration-dependent manner (Figure 2A ). In the following studies, 10 mM donepezil was used because it produced a maximal response. We selected the concentration as the inhibitory effects of MLA, LY294002 or PP2 could be observed clearly.
The neuroprotection against glutamate excitotoxicity was significantly attenuated by simultaneous incubation with the a7 nAChR antagonist MLA (1 mM) ( Figure 2B ) or PP2 (5 mM), a Src family tyrosine kinase inhibitor ( Figure 2C ). These results support the hypothesis that a7 nAChR and Src family tyrosine kinases were involved in the donepezil-induced protection.
Donepezil reduces glutamate-induced caspase-3 activation
We examined the effect of donepezil on glutamateinduced activation of caspase-3 using caspase-3-like enzyme activity spectrophotometric assay. Glutamate (30 mM) activated caspase-3-like activities and this activation reached its peak around 3 h after treatment. Pre-treatment with donepezil for 48 h prevented glutamate-induced caspase-3 activation significantly after 3 h treatment with glutamate ( Figure 2D ). Immunoblot assays demonstrated that cleaved caspase-3, an activated form of caspase-3, was also increased by glutamate and inhibited by donepezil pre-treatment ( Figure 2E ). subsequently activates caspase-3. Glutamate-induced Ca 2+ influx was therefore measured. To determine the cellular mechanisms responsible for the protective effect of donepezil, fura-2 was used to measure glutamate-mediated Ca 2+ influx in neurons. Neurons were pre-incubated for 48 h with either control media or donepezil (10 mM), and then neurons were stimulated with a toxic dose of glutamate (30 mM). Glutamate stimulation induced a significant increase of intracellular Ca 2+ in a concentration-dependent manner ( Figure S1 ). Pretreatment with donepezil significantly reduced the glutamate-induced increase of intracellular Ca 2+ (Figure 3 ). This attenuation of the intracellular Ca 2+ overload contributes at least in part to the reduction of the glutamate-induced neuronal death. Reduction of the glutamate-induced Ca 2+ influx was inhibited by the a7 nAChR antagonist MLA ( Figure 3A) . Pre-treatment with nicotine also attenuated the glutamate-induced increase of intracellular Ca 2+ , which was also inhibited by MLA ( Figure S2 ).
Donepezil attenuates glutamate-induced
The effect of donepezil was also inhibited by PP2 (5 mM) ( Figure 3B ). PP2 alone did not affect the
Figure 1
Glutamate (Glu)-induced neuronal death is mediated via NMDA receptor. (A) Glu excitotoxicity was concentration-dependent. Cultures were exposed to 24 h incubation. n = 32. *P < 0.05 compared with control (vehicle alone). Statistically significant differences between groups were determined by Kruskal-Wallis analysis of variance (ANOVA) with post hoc multiple comparisons. (B) Glu excitotoxicity was inhibited by the NMDA receptor antagonist MK801 (10 mM; MK). n = 32. *P < 0.05 compared with control (vehicle alone), †P < 0.05 compared with Glu alone. Statistically significant differences between groups were determined by Kruskal-Wallis ANOVA followed by Dunn's post-test. (C) Immunostained images showing neuroprotective effects of donepezil (Dpz) against Glu excitotoxicity. Bar = 1 ¥ 10 -4 m.
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glutamate-induced Ca 2+ influx (data not shown). LY294002 (10 mM), a PI3K inhibitor, had no influence on the reducing effect of donepezil on glutamate-induced Ca 2+ influx ( Figure 3C ).
Reduced level of surface NMDA receptors was mediated via a7 nAChRs
The reduced level of glutamate-induced Ca 2+ influx might be mediated by the modulation of NMDA receptor function. It was previously shown that phosphorylated NR1 subunits enhance glutamateinduced Ca 2+ influx. Therefore, the phosphorylation state of NR1 was investigated using a phosphospecific anti-NR1 antibody.
Tyrosine dephosphorylation can down-regulate the NR1/2A-containing receptors at the cell surface (Suvarna et al., 2005) , and we hypothesized that NR1 would be dephosphorylated by donepezil. NR1 phosphorylation was, however, significantly higher after treatment with donepezil (10 mM, 48 h). NR1 phosphorylation by donepezil was significantly attenuated by PP2 (5 mM) ( Figure 3D ).
To measure reduced cell surface expression of NR1, cell surface proteins were biotinylated and immunoprecipitated by anti-NR1 antibody (1:500). Surface level of NR1 was significantly reduced by donepezil (10 mM, 48 h) ( Figure 3E ) but the total level of NR1 was not significantly affected.
Figure 2
Neuroprotective effect of donepezil (Dpz) against glutamate (Glu)-induced caspase-3 activation and excitotoxicity was mediated via a7 nAChR and a Src family tyrosine kinase. (A) Dpz-induced neuroprotection (10 mM) against glutamate (Glu) excitotoxicity was concentration-dependent. Pre-treatment with Dpz for 48 h followed by 24-h Glu (30 mM) with Dpz incubation. n = 32. *P < 0.05 compared with control (vehicle alone), †P < 0.05 compared with Glu alone. Statistically significant differences between groups were determined by Kruskal-Wallis analysis of variance (ANOVA) followed by Dunn's post-test. (B) Dpz (10 mM)-induced neuroprotection against Glu (30 mM, 24 h) excitotoxicity was mediated via a7 nAChR. Simultaneous administration of MLA (1 mM), a7 nAChR antagonist, attenuated Dpz-induced neuroprotection. n = 32. *P < 0.05 compared with control (vehicle alone), †P < 0.05 compared with Glu alone, #P < 0.05 compared with Dpz + Glu. Statistically significant differences between groups were determined by Kruskal-Wallis ANOVA followed by Dunn's post-test. (C) Dpz-induced neuroprotection (10 mM) against Glu (30 mM, 24 h) excitotoxicity was mediated via a Src family tyrosine kinase. PP2 (5 mM), a Src family tyrosine kinase inhibitor, reduced Dpz-induced neuroprotection. n = 32. *P < 0.05 compared with control (vehicle alone), †P < 0.05 compared with Glu alone, #P < 0.05 compared with Dpz + Glu. Statistically significant differences between groups were determined by Kruskal-Wallis ANOVA followed by Dunn's post-test. (D) Glu-induced caspase-3-like activity (30 mM) was reduced by Dpz. Glu increased caspase-3-like activity and reached its peak at 3 h treatment. Pre-treatment of Dpz (10 mM, 48 h) attenuated the Glu-induced caspase-3 like activity. n = 6. *P < 0.05 compared with Glu alone. Statistically significant differences between groups were determined by Kruskal-Wallis ANOVA followed by Dunn's post-test. (E) Cleaved caspase-3, an activated form of caspase-3, was also increased by Glu and inhibited by Dpz pre-treatment (10 mM, 48 h).
Ab-induced stimulation of a7 nAChRs activated tyrosine phosphatase, leading to the dephosphorylation of NR2B, which results in the internalization of NR2B (Snyder et al., 2005) . However, surface NR2B was not detected in our culture (data not shown). As shown in other studies, NR2A also forms a complex with NR1 as an NMDA receptor and the expression is delayed compared with NR2B (Zhong et al., 1994; Liu et al., 2003) . NR2A was detected in our culture, and the surface NR2A level was also decreased by donepezil ( Figure 3F ).
Non-toxic Ca 2+ entry was not affected by donepezil pre-treatment
Low concentrations of glutamate also induced glutamate receptor-mediated Ca 2+ entry. Glutamate (3 mM) caused Ca 2+ influx which was below the level inducing toxicity ( Figure 1A ). The peak of the Ca 2+ entry was not significantly inhibited by MK801, although the amplitude was rapidly decreased, as previously reported . Pretreatment with donepezil had no influence upon the Ca 2+ influx induced by low concentrations of
Figure 3
Donepezil (Dpz) abolished glutamate (Glu)-induced Ca 2+ influx, which was mediated, at least in part, via Src family kinases. Dpz also induced NMDA receptor internalization and phosphorylation. Representative data of NMDA receptor subunit level altered by AChE inhibitors are shown. (A) Dpz (10 mM, 48 h) pre-treatment attenuated Glu-induced Ca 2+ influx. Dpz was washed out during Glu administration. The effect of Dpz was also attenuated by MLA (1 mM). n = 20. *P < 0.05 compared with Glu alone, †P < 0.05 compared with Dpz pre-treatment (10 mM, 48 h). Statistically significant differences between groups were determined by Kruskal-Wallis analysis of variance (ANOVA) followed by Dunn's post-test. (B) PP2 (5 mM), a Src family tyrosine kinase inhibitor, attenuated Dpz-induced reduction of Glu receptor-mediated Ca 2+ influx. n = 20. *P < 0.05 compared with Glu alone, †P < 0.05 compared with Dpz pre-treatment (10 mM, 48 h). Statistically significant differences between groups were determined by Kruskal-Wallis ANOVA followed by Dunn's post-test. (C) Simultaneous administration of the PI3K inhibitor LY294002 (10 mM) had no effect on Dpz-induced reduction of Glu receptor-mediated Ca 2+ influx. n = 20. *P < 0.05 compared with Glu alone; NS, not significant. Statistically significant differences between groups were determined by Kruskal-Wallis ANOVA followed by Dunn's post-test. (D) NR1 was phosphorylated by Dpz (10 mM, 48 h), although the total level of NR1 was not altered. n = 6. *P < 0.05 compared with control (vehicle alone), †P < 0.05 compared with Glu alone. Statistically significant differences between groups were determined by Kruskal-Wallis ANOVA followed by Dunn's post-test. (E) Surface level of NR1 was also reduced by Dpz (10 mM, 48 h), although the total level of NR1 was not altered. (F) Surface level of NR2A was also reduced by Dpz (10 mM, 48 h), although total NR2A was not significantly altered.
glutamate ( Figure 4A ). High potassium concentrations also increased intracellular Ca 2+ ( Figure 4B and C). Donepezil slightly enhanced this increase of the intracellular Ca 2+ . High potassium in the presence of MK801 also increased intracellular Ca 2+ ( Figure 4B ). Donepezil could not attenuate this increase of the intracellular Ca 2+ , indicating that almost all the donepezil-induced attenuation is mediated by NMDA receptors.
However, the NMDA receptors involved in normal neuro-transmission might also be up-regulated by donepezil. To test this possibility, we measured PSD-95, a post-synaptic protein involved in clustering NMDA receptors (Kennedy, 1997) . We investigated the localization of PDS-95 and NMDA receptor proteins. Immunoprecipitation of the NR1 subunit protein with PSD-95 did not demonstrate any difference in membrane-bound NR1 subunits between donepezil or nicotine treated, and vehicle-treated, cells ( Figure 4D) . Moreover, the co-localization of NR1 and PSD-95 was maintained even in the donepezil or nicotine-treated groups ( Figure S3 ). From these data, we concluded that the synaptic NMDA receptors were not changed by donepezil.
Discussion
In the present study, we demonstrated that a7 nAChR stimulation by donepezil would lead to the internalization of NMDA receptors, by following the
Figure 4
Donepezil (Dpz) or nicotine (Nic) had no influence upon Ca 2+ influx induced by low concentrations of glutamate (Glu) or non-NMDA receptor-induced Ca 2+ entry. (A) Ca 2+ influx induced by a low concentration (3 mM), or non-toxic dose, of Glu was not attenuated by Dpz pre-treatment (10 mM, 48 h). (B) High potassium (KCl, 25 mM) with MK801 induced Ca 2+ entry, which was not attenuated, but slightly enhanced by Dpz pre-treatment (10 mM, 48 h). (C) High potassium (KCl, 25 mM) induced Ca 2+ entry, which was not attenuated by Dpz pre-treatment (10 mM, 48 h). (D) Synapse-related NR1 was not internalized by Dpz. Immunoprecipitation of the NR1 subunit protein with PSD-95 did not demonstrate any difference in membrane-bound NR1 subunits between Dpz (10 mM, 48 h) or Nic (10 mM, 48 h) treated or vehicle-treated cells. Statistically significant differences between groups were determined by Student's t-test compared with control (CTL).
core receptor subunit, NR1. Such internalization might contribute to the attenuation of Ca 2+ influx induced by excessive glutamate, the subsequent activation of caspase-3 and neuronal death.
There are at least two mechanisms of neuroprotection: one is the up-regulation of a defensive system and the other is the reduction of the toxic system. Nicotine and AChE inhibitors have been shown to attenuate neuronal death induced by glutamate or Ab (Akaike et al., 1994; Shimohama et al., 1996; Kihara et al., 1997; Takada et al., 2003) . For the former mechanism, we have previously demonstrated that a7 nAChR stimulation would activate PI3K, which phosphorylates the cell-survival pathway mediated by Akt/PKB and subsequently enhances the expression of the anti-apoptotic protein Bcl-2 (Kihara et al., 2001) . AChE inhibitors such as donepezil or galantamine also exert a neuroprotective effect via this nAChR-PI3K system (Takada et al., 2003; Kihara et al., 2004; Takada-Takatori et al., 2006) .
For the latter mechanism, reduction of NMDA receptor-mediated Ca 2+ influx is likely to be one of the steps involved, as neuronal death induced by NMDA receptors has been shown to be mediated by increased Ca 2+ influx, which subsequently activates caspase-3 (Yazawa et al., 2006) . Donepezil attenuated glutamate-induced neuronal death, which was inhibited by MLA and PP2 as previously reported (Takada et al., 2003) . In addition, donepezil attenuated the glutamate-induced caspase-3 activation in our neuronal cultures. Glutamate-induced Ca 2+ influx was also attenuated by donepezil, indicating that reduced influx of Ca 2+ might be the cause of the attenuation of caspase-3 activation. Attenuation of the glutamate-induced Ca 2+ influx was significantly inhibited by MLA, used in the concentration previously reported (DajasBailador et al., 2000; Snyder et al., 2005) , indicating the involvement of a7 nAChRs.
Attenuation of the glutamate-induced Ca 2+ influx was not inhibited by LY294002. This pathway of NMDA receptor modulation by a7 nAChR stimulation is therefore independent of the up-regulation of the defensive system, which is mediated via the PI3K cascade.
Reduction of the NMDA receptor-mediated Ca 2+ influx might inhibit normal, basal, neurotransmission or signal transduction. However, we propose that the internalization of NMDA receptors occurs at extrasynaptic sites rather than synaptic sites. PSD-95 co-localizes with NMDA receptors predominantly at synaptic sites and the NMDA receptor-PSD-95 complex blocks the internalization of NMDA receptors (Roche et al., 2001) . This might be the reason why the Ca 2+ influx sufficient to cause excitotoxicity, induced by high concentrations of glutamate, was inhibited by donepezil, but donepezil had no influence on the influx induced by low concentrations of glutamate or slightly increased the high potassiuminduced increase of intracellular Ca 2+ . We observed co-localization of NR1 and PSD-95. Immunoprecipitation data indicated that PSD-95-bound NR1 levels were not significantly reduced by donepezil. It was reported that NR1 is not directly associated with PSD-95, though another subunit such as NR2A or 2B might link those molecules (Huang et al., 2000) . In the present study, the cell surface level of NR1 was decreased, although levels of synaptic NR1 may be maintained, and the low concentration of glutamate-or high potassium-induced Ca 2+ influx was not affected, or conversely enhanced by donepezil. Thus, it is the toxic Ca 2+ influx mediated by NMDA receptors that would chiefly be attenuated by nAChR stimulation.
It has been shown that most NR2A subunits are incorporated in synapses in mature neurons, whereas NR2B subunits predominate at extrasynaptic sites (Tovar and Westbrook, 1999) . However, recent reports suggested that NR2A subunitcontaining NMDA receptors contribute also to extrasynaptic NMDA receptors during in vitro differentiation (Mohrmann et al., 2000; Thomas et al., 2006) . Hardingham et al. (2002) have proposed that NMDA supports neuronal survival, if it is acting at a synapse but that it triggers excitotoxicity, if acting at extrasynaptic sites. Extrasynaptic NR2A subunits might also contribute to the excitotoxicity and the reduced level of NR2A subunits, following exposure to AChE inhibitors, could contribute to the attenuation of this excitotoxicity.
It has been reported that the expression of NR2A mRNA increases after day 7 in culture, and that of NR2B increases between days 1 and 7, with little further change after day 7 (Zhong et al., 1994; Liu et al., 2003) . In our cultures, experiments were performed at day 10 and NR2A was detected by immunoblot analysis. We cannot completely exclude the possibility that nAChR stimulation decreased the trafficking of NR2A to the cell surface, but the total level of NR2A was slightly increased, in contrast to the decrease of the surface level.
It has been demonstrated that a tyrosine-based motif is essential for internalization of NR1 or NR2 (Roche et al., 2001; Scott et al., 2004) . A tyrosine residue of the NMDA receptor might be phosphorylated by a Src family tyrosine kinase, such as Fyn. Akt phosphorylation induced by a7 nAChR is mediated via a Src family tyrosine kinase (Kihara et al., 2001) . In the present study, a7 nAChR-Src signalling induced phosphorylation and internal-ization of NR1. PP2 alone did not influence the glutamate-induced Ca 2+ entry in our culture, indicating that NMDA receptors might be significantly phosphorylated only when nAChRs were stimulated.
As LTP requires NMDA receptor activation and Ca 2+ currents, Src family-induced phosphorylation of NMDA receptors would be involved. Nicotine enhanced NMDA receptor-mediated currents in the hippocampus and this was accompanied by increased tyrosine phosphorylation of NR2B subunits (Yamazaki et al., 2006) . It is not clear, however, whether the phosphorylated NR2B is synaptic or extrasynaptic in their report.
Ab-induced a7 nAChR stimulation was shown to activate calcineurin, which then promoted the dephosphorylation and activation of the tyrosine phosphatase, striatal enriched phosphatase (STEP46). STEP46 promotes the dephosphorylation of Tyr1472 of NR2B. In regard to long-term depression (LTD), however, a calcineurin inhibitor was shown to have no effect on LTD of NMDA receptormediated excitatory postsynaptic potentials (Morishita et al., 2005) .
NR2 subunits might also be modified by the a7 nAChR-STEP46 cascade, which might lead to the internalization of NR2, although dephosphorylation would occur at extrasynaptic sites, and synaptic NR2 might be maintained by Src-mediated phosphorylation. Under these conditions, synaptic transmission would be maintained and excess glutamate-induced excitotoxicity might be blocked.
The regulation of NMDA receptor-mediated Ca 2+ current is likely to be complex and finely controlled. The balance between Src-mediated phosphorylation and calcineurin-dependent dephosphorylation would determine the phosphorylation state and the surface level of NMDA receptors and subsequently the level of glutamate-induced Ca 2+ influx and cell response.
In AD brains, it was revealed that the protein levels of NMDA receptors are reduced (Nordberg, 1992; Hynd et al., 2004) . This might be because Ab is increased in an AD brain, which causes a7 nAChRmediated internalization of NMDA receptors. From another point of view, however, the residual neurons exhibit down-regulated NMDA receptors. That is, internalization of NMDA receptors might be a biological response to counter excitotoxicity. Phosphorylated NR2A and NR2B are reported to be reduced in AD when compared with controls (Sze et al., 2001) . In this report, it was demonstrated that losses of NMDA receptor subunit proteins correlated with changes in synaptobrevin levels (a presynaptic protein). NMDA receptors in synaptic regions would be responsible for cognitive functions and would be reduced in AD brains.
In conclusion, phosphorylation of NR1 by Src family tyrosine kinase was induced by a7 nAChR stimulation and promoted NMDA receptor internalization. This would protect against glutamate excitotoxicity by reducing Ca 2+ influx through these receptors.
Supporting information
Additional Supporting Information may be found in the online version of this article: Figure S1 Glutamate-induced Ca 2+ influx, which was mediated via, at least in part, NMDAR. A: Glutamate-induced Ca 2+ entry was increased in a concentration dependent manner. B, C: Effects of MK801 on glutamate-induced Ca 2+ entry. High concentration of glutamate induced high Ca 2+ entry, and MK801 attenuated the peak of the amplitude. When low concentration of glutamate was applied, peak was not suppressed by MK801, although rapidly the amplitude was decreased.
Figure S2
Nicotinic acetylcholine receptor stimulation abolished glutamate-induced Ca 2+ influx, which was mediated via, at least in part, a7 nAChR. NMDAR internalization and phosphorylation were induced by nicotine. Representative data of NMDA receptor subunit levels altered by nicotine were shown. A: Nicotine (Nic, 10 mM 48 h) pre-treatment abolished glutamate (Glu, 30 mM)-induced Ca 2+ entry. Nicotine was washed out during glutamate administration. Effect of nicotine was attenuated by MLA (1 mM), indicating the involvement of a7 nAChR. Average F340/F380 for each treatment at 5 s was statistically analyzed. n = 20. *P < 0.05 compared with glutamate alone, †P < 0.05 compared with nicotine pre-treatment (Nic, 10 mM 48 h). Statistically significant differences between groups were determined by Kruskal-Wallis non-parametric analysis of variance with post hoc multiple comparisons. B: NR1 was phosphorylated by nicotine (Nic, 10 mM 48 h) treatment, although total level of NR1 was not altered. Surface level of NR1 was reduced by nicotine (Nic, 10 mM 48 h). Phosphorylation of NR1 induced by nicotine was inhibited by PP2 (5 mM) or MLA (1mM). Reduction of the surface level of NR1 induced by nicotine was also inhibited by PP2 or MLA. C: Surface level of NR1 was reduced by DMXBA (10 mM 48 h), although total NR1 was not significantly altered. D: Surface level of NR2A was reduced by nicotine (Nic, 10 mM 48 h), although total NR2A was not significantly altered. Figure S3 Confocal images of double immunostaining. Co-localizations of NR1 and PSD-95 were found even after donepezil (Dpz, 10 mM 48 h) or nicotine (Nic, 10 mM 48 h) treatment. In contrast, some NR1 and PSD-95 were not clearly co-localized in control cells (ctl). Neuronal cells were probed with antibodies directed against NR1 and PSD-95. Cy2 and Cy3 images were acquired simultaneously and showed that NR1-positive (red) neurons were also PSD-95 positive (green), even after nicotine (Nic, 10 mM 48 h) or donepezil (Dpz, 10 mM 48 h) treatment.
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